A consideration of available evidence for some known and well-characterized waterborne pathogens suggests that the diversity of pathogen virulence mechanisms and properties is too great to specifically predict the emergence and future human health impacts of new waterborne pathogens. However, some future emerging pathogens are existing microbes that will be discovered to cause disease. Some will arise from existing ones by either predictable evolutionary and adaptation changes or by unpredictable changes involving a variety of biotic and abiotic mechanisms. Many, and perhaps most, emerging waterborne human pathogens will be zoonotic agents or come from other non-human reservoirs. The emergence of some waterborne pathogens will be related to antibiotic use, resulting in emerging antibiotic-resistant waterborne pathogens. Reliably predicting pathogen emergence and human health effects based on VFARs or other properties of microbes and their hosts is not possible at this time. This is because of (1) the diversity of microbes and their virulence and pathogenicity properties,
INTRODUCTION AND BACKGROUND
There are billions to trillions of microorganisms all around us. In contrast, there are only a little over 6 billion humans on this planet. Microorganisms have been on this planet billions of years before humans appeared and it can only be hypothesized that microorganisms are going to persist long after humans have gone extinct. Thanks to recent technological advances, our understanding of the microbial world around us is starting to become much clearer. from animals, from other living things and from the surrounding environment. They have diverse properties, infect diverse hosts and occupy diverse environmental niches. Furthermore, they, their hosts and the environments in which they exist are undergoing constant change.
Some of this change is predictable and some of it is not.
It is these changes in microbes, their hosts and the biotic and abiotic environments in which they exist that contribute to the emergence of new pathogens and the recognition of previously unrecognized pathogens. In some cases, the advent of new technologies can uncover the role of hitherto undiscovered microbial pathogens, while in other cases known microorganisms with unique virulence properties are identified as human pathogens. These new properties may arise due to genetic changes, acquisition of novel genes, regulatory changes in gene expression or changes in the hosts around these microorganisms. In a majority of instances, our improved understanding of the disease process results in the recognition of emerging pathogens.
Because of the diversity and complexity of the microbes, their hosts and the environments in which they exist, knowing when, how and which emerging pathogens arise will continue to be a major challenge. One approach that has been used to identify potential chemical contaminants makes use of the structure -activity relationship (SAR) concept. The use of this concept to predict effects, such as human health effects, may work reasonably well because it pertains to a single, unique chemical structure that may be highly specific and common to a class of chemicals.
This structure can inform and perhaps predict how the chemicals interact with epitopes or targets on and in cells, tissues and organs, and how they can be metabolized in living systems. An analogous concept for microorganisms, virulence factor -activity relationships (VFARs), posits that the same principles based on properties of pathogens, namely their virulence properties, can be applied to pathogens, and specifically waterborne pathogens, to identify virulence factor -activity relationships. The central premise of VFARs is to relate the architectural and biochemical components of microorganisms to potential human disease (NRC 2001) . Underlying this concept are the assumptions that the number of genetic sequences relevant to virulence is relatively limited and that interactions between proteins encoded by these sequences are predictable. Furthermore, this approach assumes that individual hosts will respond similarly to a given pathogen species.
In the judgment of the authors it is impossible to reliably predict pathogen emergence and human health effects based on VFARs, or other properties of microbes and their hosts because of (1) the incredible diversity of microbes and the factors that control virulence and pathogenicity, (2) their ability to respond unpredictably to changing host and environmental conditions, (3) their intimate and diverse interrelationships with a myriad of hosts and the dynamic natural and anthropogenic environments supporting and influencing them, (4) the inherent and ever-changing variations in susceptibility to infections among humans and (5) There is only a superficial understanding of the properties of most existing pathogens responsible for their virulence and pathogenic effects at the present time. As (Lindesmith et al. 2005 (Lindesmith et al. , 2008 there is no association between histo-blood group antigens and susceptibility to clinical infections (Halperin et al. 2008) . In an investigation of two outbreaks of acute gastroenteritis in military units in Israel, GII viruses belonging to the Lordsdale cluster were capable of infecting all secretors of HBGA, regardless of their ABO type. Hence, we continue to lack sufficient understanding of virus -host interactions leading to infection and illness to predict the emergence of new epidemic strains of waterborne virus pathogens like noroviruses.
Other factors besides host cell surface receptors contribute to virus infectivity and virulence in hosts. In the case of some enteroviruses such as the polioviruses, it is known that the ability to cause paralytic poliomyelitis or other neurological disease is dependent on the ability of the virus to attach to and infect neural cells. If the virus lacks the surface epitope that is needed to attach to a specific receptor of host neural cells, no infection of neural cells and tissues takes place and hence no paralysis will occur. However, despite knowing the complete nucleotide sequence of the polioviruses and several other enteroviruses and knowing some of the receptors to which the viruses must attach to to successfully infect neural cells, the mechanisms of their virulence and pathogenicity remain poorly understood (Racaniello 2006; Nathanson 2008) . Likewise, our understanding of the pathogenicity and virulence properties of other viruses, bacteria and protozoan parasites is both limited and lacking in predictive ability relevant to identifying and prioritizing emerging pathogens.
Our understanding of the cues for bacterial virulence in humans is also in its infancy. Cell-cell signaling molecules such as AI-2 and host -cell signaling molecules such as AI-3 have been reported to be responsible for enteric bacterial infections in humans (Bansal et al. 2008; Soni et al. 2008a) .
Recent reports suggest that a host signal (epinephrine)
is critical for E. coli O157:H7 to invade the host cells (Walters & Sperandio 2006) . Similarly, hitherto unknown cell signaling factors are found to be operating within Campylobacter, Pseudomonas, Salmonella and other key human pathogens (Reading & Sperandio 2005) . Studies show how the function of these cell-cell signaling molecules can be influenced by the components within the food matrix on which these organisms may be present (Widmer et al. 2007; Girennavar et al. 2008; Soni et al. 2008b,c) . Given that many of the pathogens enter humans via the foods we eat and the water we drink, our understanding of the virulence triggers in these environments is virtually unexplored.
SOME EMERGING PATHOGENS ALREADY EXIST BUT ARE UNRECOGNIZED
Some future emerging pathogens are already existing organisms that will be discovered to cause disease and become better recognized and appreciated for their health effects and disease burden. Future emerging pathogens will come from the recognition of their existence and from increased awareness of their previously unrecognized or under-appreciated roles in human disease. There are many recent examples of human pathogens whose ability to cause disease was either unrecognized or underestimated. For example, the bacterium Kingella kingae, a part of the pharyngeal flora of young children, has emerged as an important cause of invasive infectious diseases, including septic arthritis, osteomyelitis, spondylodiscitis, bacteremia, endocarditis, lower respiratory tract infections and meningitis (Yagupsky 2004 (Yagupsky , 2006 . Discovered in 1960, Kingella kingae is probably not a truly "new" pathogen. Instead, it is likely that the organism is now being recognized more frequently as a result of improved culture techniques and growing familiarity with its identification by clinical microbiology laboratories.
Another example is parvovirus B19. This virus, which was first discovered in 1975, was first associated with disease in 1981, when it was linked to aplastic crisis in a patient with sickle-cell disease (Corcoran & Doyle 2004) .
Parvovirus B19 is now recognized as a significant human pathogen causing erythema infectiosum (fifth disease) of children, arthritis and arthralgias (most commonly in adults but also in children), fetal loss and severe disease in immunocompromised patients. It has been identified as an important source of blood-borne infection and illnesses.
Similarly Crohn's disease in humans is now being attributed to Mycobacterium avium subsp. Parapseudotuberculosis exposure through milk (Naser et al. 2000; Khare et al. 2004 ).
Among the protozoan parasites, Cyclospora cayetanensis, which was discovered in the intestines of moles in the 1870s, was not recognized as a human pathogen until the late 1970s (Eberhard & Arrowood 2002; Shields & Olson 2003; Karanja et al. 2007 ). It did not get attention as an enteric pathogen until the mid-1990s, when it was clearly identified as a coccidian parasite and linked to a series of outbreaks of gastroenteritis from the consumption of fecally contaminated fresh produce.
A fourth agent that has been in our midst for a long time but was not recognized or appreciated for its human health risks until recently is the prion responsible for the neurodegenerative disease of human spongiform encephalopathy, the Creuzfeldt-Jacob Disease variant (vCJD) of Bovine Spongiform Encephalopathy (BSE) and related agents. BSE was discovered in cattle in the United Kingdom and rapidly spread to trading partners in Europe via contaminated cattle feed supplements (McKintosh et al. 2003; Ricketts 2004; Smith et al. 2004 ). However, it was not until 1996 that vCJD was recognized as a human disease caused by consumption of the BSE agent from beef, which led to international efforts to control this foodborne disease threat (Doherr 2003; McKintosh et al. 2003; Smith et al. 2004 ). Creuzfeldt-Jacob Disease was recognized as a neurodegenerative disease in the early 1920s, but it was not until the 1950s and 1960s that this disease and similar diseases in humans (kuru) and animals (scrapie in sheep) were recognized as caused by transmissible, infectious agents. It was not clearly documented and accepted that these agents were infectious proteins (prions) until the 1980s (Prusiner 1991; Yokoyama & Mohri 2008) . Chronic wasting disease (CWD) of deer and elk, which is also caused by a prion, is endemic in parts of the western USA, which raises as yet unproven concerns that it may also be transmissible to humans (Belay et al. 2004) .
Traditionally accepted "end-points" of microbial infection and disease are also undergoing radical re-thinking.
Human personality disorders are now being linked to a microbial etiology. Neuroticism and concealed aggression are now being shown to be markers of functional gastrointestinal disorders (Lars & Ulrik-Fredrik 2001) . Schizophrenia and rheumatoid arthritis are both chronic relapsing diseases of unknown etiology (Torrey & Yolken 2001) . Lyme borreliosis is a tick-borne infection in humans which is associated with atypical presentations of psychiatric syndromes with relapsing and remitting progressive deterioration (Fallon et al. 1993) .
The history of our experiences with, and awareness of, diverse infectious agents as human pathogens clearly document the likelihood that at least some future emerging pathogens will be "discovered", recognized as etiological agents of disease and become appreciated for their disease risks and burdens from among the microbes that already exist, some of whom we already know. With regards to VFARs, predictive determination of these pathogens would not be possible, given that the genetic and biochemical makeup of these organisms would be that of a known microbe previously considered non-pathogenic. The prediction of emergent pathogenic enteric viruses based on "virulence" properties is unlikely to be successful. This is because: (1) the genetic determinants responsible for or contributing to the virulence of enteric viruses do not fit a distinct or common genetic pattern (such as a common toxin gene), (2) they can be spread over different parts of the virus genome (not in pathogenicity islands), (3) they can change due to serial infections of hosts or by genetic exchange (with other viruses or with host genes) and
PREDICTABLE AND UNPREDICTABLE PATHOGEN EMERGENCE
(4) they depend on host genetic and phenotypic factors, such as cell surface receptor genes and their expression.
Polioviruses and poliomyelitis
Polioviruses are single-stranded RNA viruses belonging to the Picornaviridae family and the enterovirus genus and consist of three genetically distinct types. These viruses Using molecular techniques such as RT-PCR and sequencing, it is now known that these live oral poliovirus vaccine strains differ from the wild-type viruses by having several different point mutations that are associated with the ability to infect neural cells (Minor 1999) . These nucleotide changes are located in different regions of the viral genome, including regions encoding specific amino acids in virus capsid proteins VP1 and VP3, the 3D polymerase and both the 3 0 and 5 0 untranslated regions (Minor 1999; Racaniello 2006; De Jesus 2007) . Supposedly critical to attenuation is a nucleotide substitution in the 5 0 untranslated region corresponding to position 480 in type 1, 481 in type 2 and 472 in type 3 polioviruses and probably several other mutations in the 3 0 untranslated region of the viral genome (Evans et al. 1985; Racaniello 2006; De Jesus 2007) . The 5 0 untranslated region containing the point mutation is believed to be an internal ribosome entry site in which the mutation alters RNA secondary structure and decreases replication in neural cells (Racaniello 2006; De Jesus 2007) . At least four different enteroviruses recombined with the poliovirus type 1 VDPV during its circulation in Hispaniola (Kew et al. 2002) . The extent to which these recombinations with non-polio enteroviruses contributed to the virulence and pathogenicity of these VDPVs is uncertain but a cause for concern.
The continuing lack of understanding of the role of point mutations in poliovirus neurovirulence and attenuation is highlighted by a recent study that found no reverse mutation in position 480 in type 1 VDPVs of high neurovirulence (Zhang et al. 2007) . The authors concluded that the effect of the 480 point mutation in determining neurovirulence has been overestimated, other mutations also may play an important role, and more information is needed to elucidate the mechanism of poliovirus attenuation and virulence. Therefore, despite knowledge of the complete nucleotide sequence of polioviruses for more than two decades, the cloning and expression of the cell surface receptor of the virus, the development and use of a transgenic mouse model for neurovirulence, and considerable efforts to identify the neurovirulence mechanisms in cell culture and animal systems, the mechanisms have not been fully elucidated (Kew et al. 2005; Racaniello 2006; De Jesus 2007; Nathanson 2008) .
The emergence of VDPVs has raised serious concerns about how to achieve global polio eradication and the "endgame" in which eventually all polio vaccination would cease. Can we stop polio immunization completely, and if we do, will the live attenuated polioviruses still circulating re-emerge as paralytic mutants to occupy the niche previously occupied by the wild-type paralytic viruses?
Even if polioviruses are successfully eradicated globally, there is concern that the human niche occupied by paralytic (Lentz 1990; Baranowski et al. 2001) .
There are no discernable and consistent patterns or rules that govern the virus receptor preferences, sometimes even within the same virus genus. In some cases very similar viruses within the same genus use quite chemically, structurally and functionally different cell surface receptors (Lentz 1990; Baranowski et al. 2001; Rossmann et al. 2002) .
These observations indicate that viruses have remarkable aquatic vegetation and they can live and proliferate in these habitats and hosts, often in biofilms (Colwell 1996 (Colwell , 2004 .
For some bacterial pathogens such as V. cholerae, it has been possible to identify key properties and changes occurring in them that are responsible for or contribute to virulence (Faruque & Mekalanos 2003) . Recorded evidence of cholera dates back to the 1500s in India. However, cholera disease in the modern era has been marked by periodic pandemics, which have been recorded since 1817 (Pollitzer 1959; Faruque et al. 1998; Kilbourne 2006 to cause disease appears to mostly depend on the expression of two virulence factors: cholera toxin (CT), a potent enterotoxin, and a pilus colonization factor known as toxin coregulated pilus (TCP). Both of these pathogenicity traits are encoded by genes that are part of larger genetic elements.
The genes encoding CT are part of a gene cluster called CTX that is the genome of the CTX bacteriophage. The genes for The food and beverage industry also impacts the spread of cholera in both the developed and developing world.
Spring water contaminated with cholera and used by a bottling plant was distributed throughout Portugal in 1974, causing over 2000 cases of cholera from its consumption (Blake et al. 1977) . This is a cause for concern considering the current trend of drinking bottled water for health, aesthetic and convenience reasons. The ability to process food in order to preserve it for storage and transport also contributes to the occurrence of cholera and other food- et al. 1998) . There also may be phage-mediated transfer of the TCP -ACF element that is also associated with virulence and pathogenicity (Davis & Waldor 2003) . In an effort to understand the evolutionary aspects and possible selection mechanisms involved in the emergence of pathogenic 
EMERGING ZOONOTIC PATHOGENS
Many, and perhaps most, waterborne emerging human pathogens will likely come from animals and other nonhuman reservoirs; however, which ones, their impacts and importance cannot be predicted. A variety of different kinds of bacterial, viral and parasite pathogens that infect animals are of concern for human exposure from water (Slifko et al. The role of fecally contaminated water has been suggested for SARS coronavirus (SARS CoV). There is circumstantial epidemiological evidence that a SARS coronavirus outbreak may have been caused by airborne spread of the virus via airborne fecal droplets emanating from faulty toilet plumbing and spread by the apartment exhaust fans in high-rise buildings of a large apartment complex (McKinney et al. 2006) . There are concerns that other recently discovered animal enteric and respiratory pathogens may be able to infect humans or that they have the potential to recombine with human pathogens and produce new strains capable of infecting humans via contaminated water and other transmission routes. Particular pathogens of concern in this regard are the hepatitis E virus and orthomyxoviruses (influenza viruses).
The fate of pathogens in manure management systems of agricultural animals such as swine and poultry is a public health concern (Cole et al. 1999; Gerba & Smith 2005) . This is especially so for large scale, multi-stage systems involving animal waste collection, treatment or storage followed by land application at production facilities with large numbers of animals and minimum acreage (confined animal feeding operations). Because of the magnitude of the quantities of animal wastes generated by these facilities and the potentially high pathogen loadings that can result if the treated manure residuals still contain high pathogen concentrations, waterborne and airborne transmission is a human health concern. Investigation of the fate of pathogens in these systems and their surrounding environments documents microbial release into the aquatic environment (Anderson & Sobsey 2006 ).
ANTIBIOTIC RESISTANCE AND EMERGING WATERBORNE PATHOGENS
Antibiotic-resistant bacterial pathogens are well documented, they continue to emerge and yet their risks to human health from waterborne exposures remain unknown. (Threlfall 2000 (Threlfall , 2002 . The international spread of this multidrug-resistant pathogen and its role in foodborne disease outbreaks associated with agricultural animals and pets raises concerns about its ability to be spread by contaminated water and other environmental routes.
Antibiotic
Another challenge to understanding and predicting the consequences of antimicrobial resistance is the growing evidence that some antimicrobial resistance traits are also co-selected with resistance to microbiocides, such as triclosan and quaternary compounds (Sidhu et al. 2001) .
Recently, Braoudaki & Hilton (2004) 
SUMMARY AND CONCLUSIONS
Microorganisms have existed on Earth billions of years before humans appeared. Long before oxygen materialized on this planet, microorganisms warmed the atmosphere by methane. Cyanobacteria and algae modulated and continue to modulate oxygen concentrations and nitrogen fluxes in the oceans. Whether we like it or not, microorganisms also appear to have controlled, and continue to control, every aspect of human, plant and animal life on this planet.
Microorganisms influence our soils, the crops we grow, our health and the foods we eat. Yet, our understanding of microorganisms, in terms of their structure, function and activity, is still in its infancy.
Emerging pathogens, including those that will be waterborne, will arise in a variety of ways from a variety of sources, many of which will be difficult, if not possible, to predict. In all likelihood, the emergence of many new waterborne pathogens will be stochastic. Hence, the emergence, properties and health effects will not likely be predictable by conventional deterministic approaches that are based on identifying the molecular, physiological and phenotypic properties of microbes at a given place and time and tracking the somewhat predictable changes undergone by some microbes and their hosts. However, based on the current knowledge and previous experience regarding where and how pathogens have emerged, we can expect that pathogen emergence, spread and health effects will continue to be largely unpredictable.
The factors that will contribute to the creation and/or emergence of pathogens include: zoonotic reservoirs from which microbes will "jump" to human hosts, changes in to predict what the next emerging pathogens will be and what properties and effects they will have.
The best that can be done to detect and identify emerging pathogens is to use a range of tools for active surveillance, including microbial analyses, molecular biology, epidemiology, environmental health sciences, behavioral and other social sciences, syndromic surveillance and rapid response systems in ways that establish or increase vigilance for the appearance of new microbial threats to human health from water and other exposure routes. These surveillance activities can take a variety of forms. They include molecular biological and microbial analyses to look for and track pathogens of concern in various media and hosts. They also include syndromic and other infectious disease surveillance for the appearance of characteristic disease syndromes that are the hallmark of the appearance or emergence of a pathogen in new places or hosts.
Active water, other environmental media and other hosts and reservoirs seems both a logical and scientifically sound approach that can be devised and implemented quickly by building on the newly created and expanded capacities that address threats to biosecurity.
As a tool to identify and prioritize pathogens, waterborne or otherwise, the VFAR concept is too simplistic because of its deterministic context, by its focus on microbial genetic and other constitutive properties of microbes, by its lack of consideration of the fundamental roles of humans and other hosts, and the randomness of the wide range of host-microbe interactions in diverse environmental settings. For these reasons it will not be a useful predictive tool for emerging pathogens in water or in general any time soon, if ever.
